3. Introduced parasitoids contributed to mortality during the decline, and have a weak, delayed density-dependent effect at the new low density. 4. Mortality of unparasitized pupae in the soil (primarily by predation) is strongly, and directly density-dependent at the new low density, and is the factor which is most strongly regulatory. 5. Analysis indicates that the strong regulation of winter moth numbers by generalist predators allows parasitism levels to vary greatly after suppression without the eruption of winter moth populations; if parasitism were absent, winter moth populations would erupt to pre-biocontrol levels.
Introduction
Successful biological control of insects consists of two components: the suppression of pest insect abundance and the maintenance of low density following suppression. Those factors which cause suppression may not be those which maintain insect numbers at a low level. The number of studies which examine the relative impact of mortality factors during both suppression and at low density in successful biological control, are few (e.g. Ives 1976; Murdoch et al.
1984; Ryan 1990).
One of the most dramatic successes of classical biological control of forest insects is that of introduced winter moth, Operophtera brumata (L.) (Lepidoptera: Geometridae), in oakwoods in Nova Scotia by the introduced tachinid fly Cyzenis albicans (Fall.) and the ichneumonid wasp Agrypon flaveolatum (Grav.) (Embree 1965 (Embree , 1966 . Populations of winter moth declined in 1961-63, a few years after parasitoid introduction. Although winter moth still occur at outbreak levels in apple orchards in Nova Scotia (MacPhee, Newton & McRae 1988, Embree 1991), they are currently at very low levels in oakwoods (Embree 1991) . The factors maintaining these low levels in oakwoods are not known, but have been generally assumed to be due to the introduced biological control agents (Hassell 1980; Murdoch, Chesson & Chesson 1985; Embree 1991) . Control of winter moth in Nova Scotia has been cited in the debate over the mechanism by which introduced parasitoids maintain low host numbers. The controversy centres over whether stability occurs by aggregative attack by parasitoids (Hassell 1980) , or by local extinction and re-invasion by host and parasite (Murdoch et al. 1985) . Unfortunately, no life-table data are available for winter moth in Nova Scotia oakwoods after the year of population collapse to determine either the major factor maintaining low density there, or the mechanism by which they operate.
Studies of native winter moth populations in Britain (Varley & Gradwell 1958) , were initiated specifically to examine the role of natural enemies in the regulation of an endemic defoliator. In that population, there was little impact by parasitoids, including Cyzenis albicans. Pupal mortality in the soil was the single most important regulatory factor (i.e. density-dependent among generations) (Varley & Gradwell 1968; East 1974) .
A more recent introduction of winter moth on southern Vancouver Island, British Columbia (Gillespie et al. 1978), and a subsequent introduction of C. albicans and A. flaveolatum for biological control (Embree & Otvos 1984) , has also resulted in decline of the pest. Life-table studies during decline of winter moth in British Columbia (Roland 1988 (Roland , 1990a showed that introduced agents added significant mortality during population decline. There was also a concurrent large rise in pupal mortality caused by predators in the soil (Roland 1988 (Roland , 1990a , but see Embree 1991). The rise in pupal mortality during decline was due, in part, to very strong interaction between parasitism and predation resulting in their combined effect being greater than if they acted independently (Roland 1990a 
Methods
The biology of winter moth has been described extensively elsewhere (Embree 1965; Frank 1967; Varley & Gradwell 1968; Hassell 1968 Hassell , 1980 Varley et al. 1973; East 1974 ). The winter moth life cycle is characterized by: (i) an over-wintering egg stage (November-April); (ii) early spring hatch of larvae and its synchrony with timing of budburst (MarchApril); (iii) a long period of pupation in the soil during summer and autumn (May-November); and (iv) emergence of adults from the soil in late November, the females of which are flightless. Both species of introduced parasitoids attack winter moth in the late larval stage and pupate within the host after the host has itself pupated in the soil. Although winter moth adults emerge from the soil in November, the introduced parasitoids remain in the host cocoon, in the soil, until the following April. 
Eggs
Fecundity was estimated from dissection of females or from pupal weights, and the relationship between pupal weight and fecundity (Roland & Myers 1987 ).
Pupae
Density of -all pupae entering the soil was estimated using peat-filled pupation trays set under each tree (Roland 1988 ), into which winter moth prepupae drop and readily pupate.
Unparasitized pupae
The number of winter moth escaping parasitism was determined by opening cocoons from the pupation trays and scoring whether or not they were parasitized, and by which parasitoid. All densities were transformed to base-10 logarithms.
MORTALITY ESTIMATES
The magnitude of mortality during each life stage was calculated as k-values (Varley et al. 1973 ). Reduction from maximum fecundity kfec was estimated from the difference between log of the greatest mean fecundity of moths observed among the 8 years of study, and the log of mean fecundity observed in each year. Egg and larval mortality klarv was estimated as the difference between the log of mean egg potential per m2 in each year and the mean density of all prepupae per m2 entering pupation trays. Mortality from parasitism kpar was the difference between log mean density of prepupae entering the soil, and the log of the density of those which were unparasitized. Pupal mortality kpupa was the difference between log-density of unparasitized prepupae dropping in May and the density of emerging winter moth adults in November. Winter moth stability To determine any density-dependent regulatory effect of each mortality factor in the British Columbia population, k-values were plotted against the log-density of the stage on which that mortality acted (Varley et al. 1973 ). The exception was losses due to reduced fecundity of females emerging in autumn, kfec, which was plotted against density of eggs in the previous spring. This was done with the assumption that reduction in fecundity at high density results largely from food limitation of larvae in the previous spring. K-values for populations at Oak Hill, Nova Scotia were similarly plotted for comparison. Densities at Oak Hill were adjusted downward to account for the larger trees (greater number of insects per m2 of ground), compared to Mt. Tolmie (D.G. Embree, personal communication). To determine any delayed density-dependent pattern of mortality, the magnitude of each k-value was also regressed against log density in the preceding year for the appropriate stage.
Parasitism estimates at the four sites in addition to Mt. Tolmie, were obtained from collection and dissection of fully-fed larvae, and counting the Cyzenis maggots in the salivary glands (Hassell 1980) . Predation rates were estimated at each of these sites in 1987 by 'planting' and recovery of 100 pupae over the interval from 27 May to 31 October. Fate of pupae in the soil, including any predation, was determined from the recovered pupae (techniques described in Roland 1990a).
POPULATION EQUILIBRIUM
The rate of population change from one year to the next, Rt, was calculated as the log of the ratio of adult density in the following year to density in the current year, log (Nt+ I/Nt) (Royama 1981 la) and has remained weakly so since 1985, the year of population collapse (Table 1) . There was no relationship between density in the previous year and current year fecundity (Table 1) .
EGG AND LARVAL MORTALITY, klarv
Mortality of eggs and larvae at Mt. Tolmie was very high while winter moth was in the epidemic stage of its outbreak (Fig. lb) . At high density many trees were virtually totally defoliated, probably resulting in competition among larvae for food, and causing starvation and failure to pupate. Predation on larvae by birds was also high, and inflicted high local mortality on winter moth (Roland, Hannon & Smith 1986). There is no indication that egg and larval mortality are regulating winter moth at low density at Mt. Tolmie by either a direct or delayed mechanism (Table  1) . In Nova Scotia, mortality of eggs and larvae was also very high prior to parasitoid introduction (Embree 1965 ) and was strongly density-dependent (Fig. lb) . There is no indication that the low density observed now in Nova Scotia, is being maintained by these factors (Fig. lb) Pupal mortality at Mt. Tolmie rose consistently from 1982 through 1985, the period over which winter moth numbers declined (Fig. Id) . Since then, pupal mortality has fallen into a pattern of strong density dependence as a function of density of unparasitized pupae (Fig. Id) . This is the same interval over which winter moth density has remained very stable (Roland l990a). The slope of the regression of pupal mortality vs pupal density for the 6 years, 1985-90 (slope = 0 87, P = 0 07, r2 = 0 59) suggests that mortality of pupae can, by itself, regulate winter moth at J. Roland (Table 2 ) levels similar to that observed from life table data from Mt. Tolmie and from 'planting' of pupae (Roland 1990a ). At Oak Hill, Nova Scotia, pupal mortality rose dramatically during the decline, but no data were collected after the population collapse to determine any regulatory pattern with density. In both populations in Canada, rate of predation on pupae rose to 90-98%, much higher than that observed at Wytham Wood (50-85%). At the present rates of reproduction and mortality, the winter moth population at Mt. Tolmie has a calculated equilibrium density (R, = 0-0) of approximately 1 20 adults per m2 (Fig. 2) . The trajectory of the rate of population change over time (Fig. 2) is characterized by a declining population from 1982 to 1984 resulting from starvation, increased parasitism and increased predation. From 1985 to 1989, the Mt. Tolmie population has settled into a strong pattern of density-dependence, due largely to the pattern of strong (and rapid) density-dependent pupal mortality described above (Fig. 1) . There is no indication that variation in fecundity (Fig. la) , egg or larval mortality (Fig. Ib) are regulatory at low density (Table 1) Although parasites contributed some mortality to native winter moth populations in Britain, and were present each year, they had no regulatory effect there. In the two populations under biological control in Canada, parasitism rose to 40-80% and then declined as host density declined (Embree 1966; Roland 1988 ). In Nova Scotia, parasitism was assumed to keep host density low after decline (Embree 1991; Hassell 1980 ). In British Columbia, introduced parasitoids, almost exclusively Cyzenis albicans, have added mortality to the winter moth system, but parasitism levels peaked at intermediate host density during the decline (Roland 1990a) , and showed a weaker (slope = 0.59) lagged ability to be regulatory over the period that host numbers have stabilized (Fig. 1c) . In Nova Scotia, parasitism rose to levels similar to those observed in British Columbia (Fig. 1c) The shape of the population growth curve (Fig. 3) provides an indication of the potential for future out- would have little effect on equilibrium density (Fig. 3) because of the strong density-dependent pupal mortality keeping density low. Parasitism can, therefore, vary a great deal (shifts in elevation of the curve in Fig. 3 ) without substantial winter moth outbreak. This may explain the uniform success of the biological control over large areas of Nova Scotia (Embree 1991 ) and British Columbia, despite great spatial variation in levels of parasitism attained in both studies (Embree 1965; Roland 1986 Roland , 1990b . Parasitism would have to be reduced to 0 2-0 3 times their observed values to raise the R, curve to the level that virtually ensures winter moth outbreak (Fig. 3) . If parasitoids were not present (such as prior to their introduction), the equilibrium density is estimated at approximately 25 adults per M2 (log = 1 4; upper curve in Fig. 3) (Hassell 1980) , assumed that pupal mortality in the soil was constant and unrelated to pupal density, which it is not. The mechanism I have described for suppression and maintenance of low winter moth density implies that there was a single, high-density equilibrium of winter moth prior to parasite introduction (uppermost curve, Fig. 3) , and that populations have now shifted to a lower equilibrium maintained by predation on pupae (lowermost curve, Fig. 3) . The switch between the two equilibria was no doubt aided by introduced parasitoids and, as described elsewhere (Roland 1988 (Roland , 1990a , by the increased impact of predation through its interaction with parasitism (higher rates of predation on unparasitized pupae). Debate over possible mechanisms by which introduced parasitoids stabilize winter moth populations under biological control (Hassell 1980; Murdoch et al. 1985) assumes that parasites are in fact the cause of low-density regulation. The debate, with respect to winter moth, may be more appropriately directed at the impact of generalist predators on the pupal stage. In the winter moth system predation is strongly density-dependent, both within generations (Roland 1990b) and among generations as shown here. Predation, virtually by itself, can regulate winter moth numbers in this population.
Conclusion
As time progresses, the pattern of population dynamics in British Columbia resembles more closely that at Wytham Wood. Data presented here indicate that the maintenance of low winter moth density in British Columbia, after suppression, results from the magnitude and pattern of pupal mortality caused by generalist predators and from a weaker, delayed densitydependent pattern of parasitism by the introduced parasites. The principal contribution of introduced parasites has been to add mortality to the system, reducing the prey base of unparasitized pupae down to the level at which background predation by generalists can hold the population at the new, lower equilibrium.
Results presented here provide an interpretation which is consistent with data from the other two principal winter moth population studies: the regulatory capability of predation at Wytham Wood (Varley 1970) , the increased importance of both parasitism and predation during decline in Nova Scotia (Embree 1965) , and the uniform success of controlling winter moth in oakwoods regardless of level of parasitism attained by introduced parasitoids in different populations.
